The Food and Drug Administration (FDA) first approved PEGylated product in 1990, since then PEGylation, as a modification procedure for enhancing biomedical efficiency and physicochemical properties of therapeutic proteins has been extensively used. Recombinant proteins are prone to rapid degradation due to proteolysis or may have a brief circulating half-life due to low renal filtration. These limitations can be overcome by PEGylation, where polyethylene glycol chains are linked to peptides and protein molecules. The quality by design (QbD) paradigm helps to develop a process design spaces which describes the interactions and multidimensional effects of method variables on critical quality attributes of therapeutic proteins. The complexities involved in manufacturing processes have led to the development of strategies to establish a design space, ensuring reliable and reproducible outcomes. QbD approach in process optimization allows simultaneous screening of process variables, thus reducing the number of tests conducted as compared to the traditional approach based on a trial and error method. An approach to QbD using the design of experiments (DOE) has been used to establish a design space for PEGylation of recombinant proteins. The aim of this paper is to provide a systematic approach for implementing quality by design for development of a protein PEGylation process.
INTRODUCTION
Polyethylene glycol (PEG) is a synthetic polymer consisting of repeating units of ethylene oxide. Being nonimmunogenic, non-antigenic, nontoxic and amphiphilic in nature, PEG FDA has approved the use of PEG in human oral, intravenous, and dermal pharmaceutical preparations. Due to these properties, PEG as a modifying polymer plays a vital role in drug delivery. The concept of PEGylation for enhancing the therapeutic and biotechnological potential of peptides and proteins is widely used. Linking of polyethylene glycol to a polypeptide can alter many of its features without affecting its main biological functions, such as enzymatic activity or receptor recognition. PEG conjugation to a protein disguises its surface and increases the molecular weight of the polypeptide, thus reducing its renal filtration, immunogenicity and susceptibility towards proteolytic cleavage. PEGylation is therefore of interest . in applied biotechnology. Details of FDA approved PEGylated proteins, antibody fragments and oligonucleotides are listed in table1 [1, 2] . The Biopharmaceutical industry is rigorously exploring for means to ensure and improve product safety, quality and efficacy. Conversely, drug recalls, manufacturing failure cost, scale up obstacles and regulatory problem in recent past imply otherwise. Using the conventional quality by testing (QbT) method to testing the final product for product quality and performance leading to the inadequate knowledge of the process and critical process parameters. Regulatory authorities ensure the implementation of quality by design (QbD), which is a scientific methodology to enhance process understanding by reducing the process discrepancies and enabling process control strategies. Table 2 highlights the differences when using a traditional approach versus the QbD approach during product development [3, 4] . QbD approach mentioned in the ICH guidelines Q8, Q9 and Q11 [5] [6] [7] emphasizes the requirement of in-depth process knowledge to achieve consistent product quality along with a robust manufacturing process and not just product qualification. The key tools of QbD are; incorporation of prior knowledge, the use of statistically designed experiments, risk and knowledge management. Implementation of QbD requires in-depth information regarding product and its manufacturing process.
It is not feasible to study the effect of every variable on thesafety and efficacy of a product due to the interactions between the large number of variables and attributes, hence statistical tools such as design of experiments (DOE) along with risk assessment like the failure modes and effects and analysis (FMEA), help to ensure that resources are spent towards the important processes. Efficacious implementation of QbD requires detailed knowledge and understanding of the interactions between the critical quality attributes (CQAs) and the clinical properties of the product. It also includes an understanding of the association between the process and CQAs. Experimental design and analysis help in understanding the influence of critical process parameters (CPPs) on CQAs and therefore can identify and control the sources of variability [4, [8] [9] [10] .
IMPLEMENTATION OF QbD FOR THE UNIT PROCESS OF PEGYLATION
Development of new biopharmaceutical product using the QbD approach can go through the following steps;
Quality target product profile (QTPP)
QTPP summarizes the drug product quality characteristics to be achieved in terms of safety and efficacy.
. For PEGylation, percentage purity and the stability of the PEGylated protein can be considered as the QTPP.
Determining critical process parameters (CPPs) and critical quality attributes (CQAs)
CPPs are parameters whose inconsistencies would impact CQAs and should be controlled to assure that the method consistently produces the desired quality in terms of percentage purity and yield of the PEGylated protein [12] . CQAs are physical, chemical, biological, or microbiological attributes that can be measured and monitored to ensure the desired product output remains within the acceptable quality limits [13] . As seen in table 3, parameters responsible for efficient PEGylation process are segregated as CQAs and CPPs. For example, the quality of the PEG moiety determines the quality of the conjugate formed post PEGylation.
The structure and quality of the final PEGylated product would depend on factors like; the presence of impurities, the molecular weight (MW) distribution of the polymer, and reactive group chemistry [14] . Thus, the stability and purity of the PEG reagent are the CPPs and the outcome, i.e. percentage conversion and yield of the PEGylated protein are the CQAs. The CPPs and CQAs for the PEGylation process can be identified as per risk assessment. Table 2 : Difference between current approach and QbD approach [11] .
Traditional Approach
QbD Approach Quality is assured by testing and inspection.
Quality is built into product & process by design and based on scientific understanding. It includes only data intensive submission which includes disjointed information without "big picture".
It includes knowledge rich submission which shows product knowledge & process understanding. Here, any specifications are based on batch history.
Here, any specifications based on product performance requirements. Here there is "Frozen process," which always discourages changes.
Here there is flexible process within design space which allows continuous improvement. It focuses on reproducibility which often avoids or ignores variation.
It focuses on robustness which understands and control variation. 
Risk assessment
Risk assessment aims to obtain all the potentially high impact factor parameters which will be subjected to a DOE study to establish a process design space. Risk assessment includes tools like the Ishikawa (cause and effect) diagram, failure mode effect analysis (FMEA), and pareto plot. An Ishikawa diagram helps detect all probable variables which could have an impact on a CQA. Failure modes and effect analysis (FMEA) is used to assess the level of risk for each processing step in an orderly manner and to prioritize experiments to be evaluate based on their impact on the process outcome. Figure 1 shows the FMEA process of risk assessment. In risk assessment, variables are ranked based on the combination of occurrence (O), severity(S) and detectability (D). O is the occurrence possibility of an incident occurring. The next parameter S (severity) measures the criticality of a given effect that could hamper the process/product quality. The ease at which a failure mode can be detected defines the parameter D. The more measurable a failure mode is, the lesser risk process holds. Multiplying these values would result in the risk priority number (RPN) [15] .
The different failure modes identified for the PEGylation process along with their RPN scores are plotted against each other to identify the failure modes that are given highest importance during the experimentations. This forms the pareto plot. The selection or omission of process parameters for a study is justified through pare to plots [16] . Through risk assessment, parameters with high risk parameters are further studied to understand their effects on CQAs/CPPs.
Developing a design space
ICH guideline Q8 (R2) defines design space as a multidimensional combination of input variables (e.g., material attributes) and their interactions with the process parameters to provide assured quality product [5] . Design of experiments (DOE) help establish a design space can be established for a unit process, multiple unit operations, or for the complete production process. DOE is a controlled, structured method which determines the relationships between the factors affecting a process and its outcome. Various mathematical DOE models like PlacketBurman, Full and fractional factorial designs, Surface design, BoxBehnken and Response surface methodology (RSM) are available [17] . Studies are designed using DOE; such that the data obtained is used in understanding and defining the design space. Benefits of using QbD are as follows;  In-depth information can be obtained by conducting a minimum number of experiments.  Effects of individual parameters can be studied simultaneously by altering all the operating parameters.  DOE accounts for discrepancies in experiments, materials, process or operators.  In-sight into the interaction between different variables can be achieved.  Helps to determine a design space through identified acceptable ranges of critical process parameters.
Based on prior knowledge and risk assessment, the parameters having a high RPN score are selected and are included in the multivariate study of DOE. The selection of an appropriate experimental design depends on the objective of the study (e.g., initial screening, optimization, or robustness study), the CQAs/CPPs and their interactions with the process and available resources such as literature knowledge, raw materials, labor time and cost. The level of the factor range to be set depends on the purpose of the experiment. Screening experiments involve the use of full or fractional designs where the variables are studied over a wide range to increase the likelihood of covering the optimum conditions and to attain desired effects. Broader the range more stable is the model. In optimizing studies, the range should narrow, as more information regarding variables and their implications are available at this stage. The results obtained are analyzed to identify the important parameters and their role in establishing a design space. When DOE is applied to the PEGylation process, factors are the process parameters (e.g., PEG to protein ratio, pH, target protein concentration and time), while responses are the critical quality attributes such as yield, percentage purity and percentage conversion of the target protein to its PEGylated form. A result obtained from the DOE output aid in identifying the most favorable conditions, the crucial factors that influence CQAs and the less impacting ones and provides detailed information regarding the interactions and synergies between factors. Figure 2 depicts the creation of a design space from results obtained during process characterization studies and its association with the characterization and operating space. The operating ranges defined by the unit process modus operandi comprise the operating space, while the process characterization work is conducted within the characterization space. The process design space is defined as an acceptable range which is an outcome of the product characterization studies [18] .
Defining a control strategy
A control strategy is designed to ensure consistent production of quality product.Control strategy is based on a defined set of controls, resultant of product and process understanding that ensures consistent process performance and product quality. The control strategy a subset of the QbD model is established via risk assessment that considers the criticality of the CQAs and CPPs. Control space should lay within the design space [19] .
CONCLUSION
The FDA, European and Japanese regulatory agencies are stressing on the implementation of QbD which aims to produce a consistent and high-quality biopharmaceutical product through a rapid and a robust method. This article demonstrates the benefits of applying QbD principles towards process optimization for PEGylation of proteins, instead of using the traditional approach. With the QbD approach, the product quality is not only tested at the end of the manufacturing process, but is incorporated at every step involved in product manufacturing. Quality assurance is a superior to quality control and in QbD; quality is assured rather than controlled which is of significance during development of biotech therapeutics.
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